Characteristic preterm EEG patterns of "Delta-brushes" (DBs) have been reported in the temporal cortex following auditory stimuli, but their spatio-temporal dynamics remains elusive. Using 32-electrode EEG recordings and co-registration of electrodes' position to 3D-MRI of age-matched neonates, we explored the cortical auditory-evoked responses (AERs) after 'click' stimuli in 30 healthy neonates aged 30-38 post-menstrual weeks (PMW). (1) We visually identified auditory-evoked DBs within AERs in all the babies between 30 and 33 PMW and a decreasing response rate afterwards. (2) The AERs showed an increase in EEG power from delta to gamma frequency bands over the middle and posterior temporal regions with higher values in quiet sleep and on the right. (3) Time-frequency and averaging analyses showed that the delta component of DBs, which negatively peaked around 550 and 750 ms over the middle and posterior temporal regions, respectively, was superimposed with fast (alpha-gamma) oscillations and corresponded to the late part of the cortical auditory-evoked potential (CAEP), a feature missed when using classical CAEP processing. As evoked DBs rate and AERs delta to alpha frequency power decreased until full term, auditory-evoked DBs are thus associated with the prenatal development of auditory processing and may suggest an early emerging hemispheric specialization.
Introduction
Whereas fetal brain activity is hardly accessible, EEG recording in the preterm-born human neonate discloses developmental and transitory patterns thought to reflect the progressive organization of fetal brain networks. Indeed, sequential changes have been shown closely linked to gestational age during the equivalent last 3 months of pregnancy (Curzi-Dascalova et al. 1993; Vanhatalo et al. 2005; André et al. 2010; Koolen et al. 2015 Koolen et al. , 2016 ). The precise description of such immature activity patterns has tremendous implications for both the understanding of underlying connectivity and the development of neurophysiological markers of normal and potentially abnormal networks in this highly vulnerable period of life. Although these patterns have been extensively studied in rodents (for review see Luhmann et al. 2016) , they remain incompletely known in humans.
The most frequent preterm EEG patterns in humans have been originally designed as "Delta-brushes" (DBs) (Lamblin et al. 1999) , then reported as Slow endogenous Activity Transients (SATs) (Vanhatalo et al. 2005) . SATs were described using full bandwidth EEG (0-50 Hz) and consist of large slow voltage deflections (0.1-0.5 Hz, up to 800 μV) with bursts of fast oscillations (up to 30 Hz) (Vanhatalo et al. 2005; Koolen et al. 2016) . DBs actually correspond to the same grapho-elements, however, distorted after the cut-off of infra-slow wave component by conventional 0.53 Hz high-pass filtering (Lamblin et al. 1999; Vanhatalo and Kaila 2006) . DBs consist of high amplitude delta band slow waves (50-300 μV) superimposed with rapid oscillations (>8 Hz) (André et al. 2010) . In sensory cortices, DBs appear to be partly elicited by various sensory stimulations, for instance in central cortical regions by spontaneous hand or foot twitches, or even tactile stimulation, in a somatotopic manner (Milh et al. 2007; Fabrizi et al. 2011; Stjerna et al. 2012) . We showed that before 35 post-menstrual weeks (PMW), light flashes and auditory stimuli (words and "clicks") evoke DBs in occipital and temporal regions respectively Chipaux et al. 2013) .
Prior studies in rats had demonstrated that during the first neonatal weeks (comparable to the third trimester of human gestation), the thalamo-cortical loop responds to a sensory input with a burst of rapid oscillations nested in a slow wave, a complex grapho-element called "spindle-burst" (SBs). Homology between SBs and DBs has been suggested, supported by the same sensitivity to sensory input, a comparable frequency characteristics and a similar developmental profile, both disappearing at the end of the second postnatal week and at term, respectively (Milh et al. 2007; Khazipov et al. 2013; Luhmann et al. 2016; Yang et al. 2016) . SBs are driven by sensory feedback resulting from myoclonic twitches and whisker stimulation in somatosensory cortex, and from retinal waves in visual cortex (Khazipov et al. 2004; Hanganu et al. 2006; Khazipov and Luhmann 2006; Minlebaev et al. 2007 Minlebaev et al. , 2011 Yang et al. 2009 Yang et al. , 2013 Hanganu-Opatz 2010; Tiriac et al. 2012) . A growing body of experimental studies has provided in depth information about SBs mechanisms: in particular, they contain early gamma oscillations (EGOs) that (1) are primarily driven by rhythmic gamma excitation from the thalamus, (2) enable millisecond-precise temporal binding of the topographically aligned thalamic and cortical neurons, and (3) support longterm dependent potentiation in the thalamo-cortical synapses (Minlebaev et al. 2007 (Minlebaev et al. , 2011 An et al. 2012 An et al. , 2014 Khazipov et al. 2013; Yang et al. 2013) .
However, the spatio-temporal dynamics of preterm sensory-evoked DBs still remain elusive in humans. In the fetus and preterm baby, the first cortical sensory-evoked responses (somatosensory, visual, auditory) have been described from 24PMW on, when the first thalamo-cortical afferents reach the cortical plate after a waiting period in the subplate (Kostovic and Judas 2006; Wunderlich and Cone-Wesson 2006) . In the auditory system, responses were mainly studied using the methodology of "evoked potentials" that averages up to a hundred responses evoked by clicks 70 dB above the hearing level, thus smoothing the high frequency components not time-locked to the stimulus (Weitzman et al. 1967; Desmedt and Manil 1970; Hrbek et al. 1973; Rotteveel et al. 1987a Rotteveel et al. , 1987b Picton et al. 1999) . Therefore, our objectives were (1) to characterize in detail the frequency spectrum and spatio-temporal dynamics of preterm AERs, and (2) to compare them with previously reported cortical auditory-evoked potentials (CAEPs) in preterm infants (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b .This could hardly be achieved in our previous study that used standard recording setup (9 electrodes) and low intensity clicks (20 dB) (Chipaux et al. 2013) . In the present study of 30-38 PMW neonates, we improved the spatio-temporal resolution of AERs using higher density EEG (32 electrodes) and registration of electrode positions to 3D reconstructions of preterm head and brain computed from MRI of age-matched groups.
Materials and Methods

Participants
All premature infants referred to the neonatal intensive care units (NICU) of Necker-Enfants Malades (Paris, France) and Bicêtre Hospital (Kremlin-Bicêtre) from October 2013 to April 2014 and from November 2014 to December 2014 were prospectively screened for inclusion. To include only neonates without neurological risk, inclusion criteria were as follows: age over 7 days, normal delivery, birth weight over the 10th percentile, spontaneous ventilation (nasal positive pressure was accepted), normal clinical examination, normal ultrasound scan performed by a pediatric radiologist (intraventricular hemorrhage grade I-II was accepted), normal otoacoustic emissions, no postnatal steroid treatment and no sedative drug within less than 4 days before the recording. EEGs were performed as part of routine neurological follow-up according to the recommendations for premature infants (André et al. 2010) , at patients' bedside. Infants were prospectively followed by a trained neonatologist at 6 months, 1 year, and 2 years, and were secondarily excluded from the analysis if psychomotor and neurological development was abnormal (1 case). Written informed consent was obtained from all parents. The procedure was in accordance with the Ethics Code of the World Medical Association, was approved by our institutional review board, INSERM (French National Institute of Medical Research) Ethics Committee, and was registered as a Clinical Research Study classified within "methodology of reference" under the n°558/BB/PA/2005-12 (available on The French National Research Agency site as ANR-09-MNPS-006-01 « DB »).
Thirty neonates were investigated including 7 pairs of twins. Gestational age at birth (weeks of gestation) was 26-27 (n = 3), 29-30 (n = 2), 31-32 (n = 11), 33-34 (n = 13), and 35-36 (n = 2). Age at recording was expressed as postmenstrual weeks (PMW = gestational age at birth + postnatal weeks). Clinical follow-up (showing normal development) was performed at 2 years for 18 infants, at one year for 5 infants; 7 infants were lost to follow-up.
EEG Recording and Auditory Stimuli
Recordings were performed at the following PMW: 30-31 (n = 2), 32-33 (n = 8), 34-35 (n = 8), and 36-38 (n = 12), according to the 10/10 international system and using 32 electrodes neonatal caps (Wave Guard EEG neonatal cap, ANT-Neuro, certification CE, 3 sizes, Fig. 1A ). They included cardiogram and respiration recording. Signals were sampled at 1024 Hz, amplified (1000×), band-pass filtered at 0.16-334 Hz and digitized, using the Deltamed Coherence EEG system. Offline analysis was performed using the Coherence review program (Deltamed/Natus Paris) and Matlab (Mathworks).
Auditory stimuli were generated with the Centor AuditoryEvoked potential device (Deltamed France) and presented with constant sound volume via headphones (Fig. 1A) . The direct current (DC) output from the Centor was connected to a DC input of the amplifier, allowing insertion in the EEG recording of markers at the onset of the stimulus. The stimulus consisted of a conventional 100μs rectangular unfiltered alternating Click (Centor device for CAEP) at 70 dB hearing level, presented binaurally every 10 s (Robles and Ruggero 2001; Guideline 9C, 2008) . Since auditory-evoked responses (AERs) require to be recorded when the infant is perfectly quiet to avoid movement artifacts, stimuli were initiated as soon as the infant fell asleep, and they were repeated until he woke up. EEG recording lasted no more than 1 h. The number of recorded auditory stimuli therefore depended on sleep duration. Moreover, as EEG must be free of any artifacts during the response period, the mean number of analyzable stimuli was of 41 ± 35 (see Supplementary Table 1) after screening of all responses.
EEG Signal Analysis
Localizing the Electrodes' Position MRI examination could not be obtained in these healthy neonates, preventing us from registering the electrodes position on the infant's own MRI, as considered optimal (Kabdebon et al. 2014) . As digitalization of anatomical landmarks and electrodes was impossible at the infant's bedside, we opted for an alternative strategy based on individual foam head moldings with annotated scalp landmarks, enabling the secondary digitalization of electrodes positions as well as of a hundred random head scalp points. Besides, to localize the electrodes' position with respect to brain anatomy, we created 3D MR reconstructions of scalps and cortical surfaces (with primary sulci) from other neurologically healthy infants, considering 3 age groups: 32-33 PMW, 34-35 PMW, and 38-40 PMW. Each individual head model was further registered to the age-matched MRI template using head scalp landmarks (see details in Supplementary Material 1, Supplementary Fig.1 , and Supplementary Table 2).
Visual Detection of AERs (Auditory-Evoked DBs) EEG recording was first visually analyzed by a trained pediatric neurophysiologist (A.K.), to confirm normality. Artifact-free time intervals were selected manually for further analyses. All stimuli annotations were checked and stimuli with EEG artifacts within 2 s before and 2 s after the stimulus were excluded from the analysis. Quiet sleep (QS) was assessed by discontinuous, semi-discontinuous or "tracé alternant" EEG according to PMW, regular respiration and cardiac rhythms, with absence of phasic movements disclosed by EEG artifacts and/or concomitant video recording. Active sleep (AS) was characterized by continuous activity, irregular respiration, and phasic movements (André et al. 2010) . Each stimulus was assigned a concomitant sleep stage. Auditory-evoked DBs were searched for visually on raw EEG (by AK) for each selected artifact-free stimulus. The rate of evoked DBs (number of evoked DBs within 2 s after the stimulus/ number of stimuli) was determined in each infant according to sleep stage (Supplementary Table 1) . Evoked DBs were considered as "easily identifiable" if the rate was >30%.
Frequency Power Spectrum Analysis of AERs
The frequency power spectrum immediately preceding and following auditory stimuli was compared, for each electrode, over a 2 s time interval using the Fast Fourier Transform algorithm with 0.5 Hz frequency resolution and mean reference (Coherence, FFT analysis, Natus). Power spectra were broken into 6 frequency bands (delta: 0.5-3.5 Hz, theta: 4-7.5 Hz, alpha: 8-13 Hz, beta: 13.5-31.5 Hz, gamma 1: 31.5-48 Hz; gamma 2: 52-80 Hz). Notch filter of 4 Hz was used at 50 and 100 Hz to avoid artifacts from sector and its harmonics. Data were analyzed using the acquisition software (Coherence, FFT analysis). Considering the huge number of comparisons, several alpha-errors (0.05, 0.01, 0.001, and 0.0001) were simultaneously examined in a single view (colorcoded maps) to balance gain in random effects and loss in specific effects.
For individual analysis, positive effects were considered as stimuli-specific when the highest power increase ratio after the stimulus was recorded on at least one temporal electrode (CP5-CP6 or T7-T8) and in at least 3 frequency bands as previously described (Chipaux et al. 2013) . Positive effects had a great risk to be random when they were both topically isolated (recorded by a single electrode other than those defined above) and visible in a single frequency band. In this analysis, the classical Bonferroni adjustment was not applicable as it clearly erased stimulus-specific effects in almost all patients. For most patients, however, we found by stepwise lowering the alpha error from 0.05 to 0.0001 that the random effects defined above vanished when alpha was set to 0.01 (or lower). This arbitrary chosen setting is equivalent to a 5-fold Bonferroni adjustment, and did not affect the stimulus-specific responses. Population/ group statistical analysis was performed calculating ratios after data averaging (over all stimuli for each new-born) and Logtransformation, and using multiple linear regression model (least squares fitting) by including all electrodes and the age (PMW) as variables of interest. Data were further analyzed for interaction, using a model including the cross effects between electrodes as a factor and other variables of interest (sleep stage, age in PMW, and number of stimulations). To search for lateralization left and right homologous electrodes were compared for their relative effects (where at least one was found significant) using paired t-test.
Maturational changes in AERs were further assessed by analyses within 30-38 PMW age groups. Based on previous studies in preterm infants showing a power decrease at 34-35 PMW related to a decrease in DBs occurrence, along with a modification of CAEP morphology (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b Wunderlich and Cone-Wesson 2006; Chipaux et al. 2013) , we split the population into 3 groups: 30-33 PMW (group 1, n = 10), 34-35 PMW (group 2, n = 8), and 36-38 PMW (group 3, n = 12). Two possible confounding factors related to the number of stimulations and sleep stage could interact globally with age. Newborns fall asleep in the AS and hence the interval from the beginning of recording to the first QS period is variable (ranging from 0 min to 1 h), thus the number of stimuli per infant and per sleep stage was highly variable (Curzi-Dascalova et al. 1993) . We therefore selected the first 21 stimulations (21 being the mean number of stimulations in group 2, which had the lowest number of stimuli) beginning when the child fell asleep, so that the number of stimuli was comparable between age groups and stimulations fell mostly in the AS for all babies. For each of the 3 age groups, the same population analyses were performed. Additionally, a paired ttest was performed for each electrode and for each frequency band on the means of the Log-transformed values before and after stimulation obtained over n stimulations. The default alpha error was set to 0.05 for the population/group analyses. All statistical procedures were performed using the JMP v.12 software (SAS Institute Inc.).
Continuous Time-Frequency Wavelet Analysis of AERs
Based on the absence of EEG artifacts and presence of gamma activity on spectral analysis, EEG recordings of 7 babies of different ages (aging PMW30-37) were used. As previously described, raw data were pre-processed involving notch filtering (centers at 50, 100, 150, 200, 250 Hz), band-pass window of 4 Hz, and whole-scalp electrode re-referencing. Recordings were checked by 2 operators (A.K., M.M.) and stimuli with uncorrected artifacts were rejected manually. Detection of AER was done in 2 steps. Firstly, the significance of the AER (EEG deflection following the stimulus) was calculated independently for each electrode. AER deflection was considered significant if the amplitude distribution of the averaged EEG signal at a given electrode significantly differed between the 1 s periods before and after the auditory stimulus (Student's t-test, P < 0.05). Next, the amplitude of the AER was calculated on the electrodes showing a significant response by measuring the difference in peak amplitudes between the AER and the 1 s prestimulus EEG period. Then, continuous wavelet transform was applied on the 6 s EEG segments centered on the stimulus. However, to exclude edge artifacts, only 4 s (±2 s around auditory stimulus) was used for further analysis. Given the oscillatory nature of the AER, Morlet wavelet was chosen with several center frequencies (80 Hz, 40 Hz, 20 Hz, 10 Hz, 5 Hz, 2.5 Hz, 1.25 Hz, and 0.625 Hz) to cover the frequency bands of interest and to maintain wavelets independency. For each frequency range, we considered that activity was present when all post-stimulus wavelet coefficients exceeded 3 standard deviations of the mean pre-stimulus coefficients. The segments with significant oscillatory episodes underwent a morphological opening and closing for each wavelet coefficient (the kernel size was matched to the wavelet characteristics that resulted in reconstruction of the continuous episode of oscillatory activity). Reconstruction of the gamma oscillation with central frequency of 80 Hz failed to produce the significant evoked response, thus the oscillatory response in this frequency range was excluded from further analysis.
Based on center frequency, the detected oscillatory events were labeled as "Delta" (0.625 Hz or 1.25 Hz or 2.5 Hz), "Theta" (5 Hz), "Alpha" (10 Hz), "Beta" (20 Hz), and "Gamma" (40 Hz) oscillations. Two patterns were also distinguished: "Brush" (the presence of "Alpha" and "Beta" components) and "DB" (the presence of "Delta" and "Brush" components). The probability of appearance, spatial and time distributions were calculated using time stamps of the significant wavelet coefficients of the model oscillations in different frequency bands. To compute temporal characteristics (onset, offset, and duration) of the evoked oscillatory components in different frequency ranges, the time distributions for each oscillation type were characterized: onset and offset were identified as the distribution excesses of 25 and 75%, respectively, and the oscillation duration was the interval in-between. The analysis was done using EEGLAB toolbox (Delorme and Makeig 2004) and Wavelet toolbox in MATLAB. Group measures were expressed as means ± standard deviation. Paired Student's t-test for each experiment was used to assess the statistical significance of differences (1) between different electrodes in the analysis of the spatial distribution of AERs and (2) of frequency components of the AERs based on the analysis of the pre-and post-stimuli EEG traces. The level of significance was set at P < 0.05.
Cortical Auditory-Evoked Potentials
To understand the relationships between the auditory-evoked DBs and the classical CAEPs within AERs, we analyzed the topographic and morphologic characteristics of the slow components of AERs with reference to previous studies of CAEPs in premature infants (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b . Stimulus "click" locked averaging of individual recordings was performed for each electrode using the Coherence review program (Deltamed/Natus Paris, France). The analysis window was of 5 s with a baseline of 2 s. Latency was measured from the stimulus onset to the wave peak and amplitude from the baseline to the wave peak. To minimize signal distortion and as recommended for waveform analysis of event-related potentials, for power spectrum analysis and for high-density recordings we used the minimal high-pass filter (0.16 Hz) of our EEG device and a mean reference since non-neutral reference to the mastoid or vertex might induce a systematic bias (Qin et al. 2010; Acunzo et al. 2012; Tanner et al. 2015) .To further identify CAEPs peaks and compare to previously described CAEPs in premature infants we measured the peaks of the waves at midline (FZ, CZ), lateral frontal-central (FC5, FC6), and temporal (T7, T8, CP5, CP6) electrodes using a 1.59 Hz high-pass filter and reference at the level of P9 and P10 electrodes (located near the mastoid) (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b Wunderlich and Cone-Wesson 2006) . Since our EEG device did not allow to apply 1 Hz (used in the normative data for CAEP), we used 1.59 Hz high-pass filter for this comparison. Latencies and amplitudes were expressed with mean and standard deviation and compared (regarding age groups, high-pass filter, reference site and topography) using 2-tailed t-test. CAEPs were represented at all electrodes of the EEG trace of averaged AERs and using 2D and 3D EEG mapping. 3D EEG mapping was built using the mean position of digitalized electrodes co-registered to the head scalp of a single age-matched subject. The value of EEG potential (μVolts) was represented at each electrode at a given time (represented by time cursor) and according to reference and filters used. In each vertex of the scalp model (notably between electrodes), the EEG potential was interpolated as the weighted sum of the neighbor electrode potentials. Since CAEP revealed a sequence of successive slow waves at neighboring electrodes, we aimed to estimate the propagation speed of these waves, dividing the mean distances between electrodes by the mean time lag between the respective peaks (in milliseconds). Age-related changes were examined by considering the same 3 age groups as previously.
Results
Localizing the Electrodes Position
Our 32-electrode caps provided a good spatial coverage, especially for the youngest infants with a 25-30 mm distance between the central points of neighbouring electrodes (for comparison the diameter of skin contact area was 5 mm). The electrodes of interest for AERs disclosed negligible topographic variability within each age group so that their localization could be satisfactorily assessed ( Fig. 1B; Supplementary Fig. 1 , see details in Supplementary Material 1 and Supplementary Table 2 ). In particular, temporal electrodes (T7-8 and CP5-6, respectively) overlaid the middle temporal and posterior temporal regions near the temporo-occipital junction, while CP1-2 electrodes overlaid the parieto-temporo-occipital junction, C3-4 electrodes the post-central inferior region, and FC5-6 electrodes the inferior pre-central region (Supplementary Table 2 , Fig. 1B , Supplementary Fig. 1 ).
Visual Detection of AERs (Auditory-Evoked DBs)
Auditory-evoked DBs were detected in 25 babies (83% of the whole population) (see Supplementary Table 1 ). Nine of them had a response rate ≤30%, leaving 16 babies with easily visually identifiable DBs (53% of the whole population). In Group 1 (30-33 PMW) all babies had easily identifiable DBs, mostly in QS ( Fig. 1C; Supplementary Table 1) . DBs consisted of a high amplitude slow wave with superimposed rapid rhythms, located on FC5-6, T7-8, CP6-7 electrodes, and often beginning with a negative peak in the theta band mostly on FC5-6 or T7-8 electrodes (Fig. 1C) . From around 35 PMW on, evoked temporal DBs were less apparent and smaller in amplitude or evoked responses were more diffuse without clear temporal focalization (Fig. 1D) . Their mean response rate during QS and AS decreased with age from 51 to 31% at 31-33 PMW to 31 and 2% at 36-38 PMW, respectively (Fig. 1E) .
Frequency Power Spectrum Analysis of AERs a. Population analysis showed a significant increase of frequency power in most frequency bands on CP5-6 and T7-8 electrodes (see Supplementary Fig. 2A details statistical results). The power increase was significantly higher in QS than in AS in delta to gamma 1 bands (P < 0.0001). The highest power increase was observed on CP6 and T8 in all 5 frequency bands. Significant power increase was also observed on CP5 electrode in delta, alpha, and beta bands, and on T7 in delta to beta bands. Other electrodes also showed significant power increase, such as CZ (theta to beta bands) and FP1 (delta and theta bands) (see Supplementary Fig. 2A ). When left and right homologous electrodes showing a significant increase of frequency power were compared (CP5-CP6, T7-T8), we observed a right predominance (P < 0.0001). b. Individual analysis showed a significant increase of frequency power on temporal electrodes in 17 infants (56% of the whole population, 80% of the youngest group (see Supplementary Table 1 , Supplementary Fig. 2B ). Among them, all but one also had visually identifiable DBs. c. Power increase after auditory stimulus in each age group also predominated on the right temporal electrodes (Fig. 2) , however, we found a more diffuse response, including significant power increase in the delta band on vertex electrodes and in delta to beta on P9 and P10 (near the mastoid electrode) in groups 1 and 3 (Fig. 2) . Increasing the number of stimulations significantly increased the power on CP5 and CP6 electrodes (P < 0.05), whereas post-stimulation power increase significantly decreased with age in delta to alpha bands (P < 0.01).
Continuous Time-Frequency Wavelet Analysis of AERs
EEG recordings of 7 preterm infants aged 30-37 PMW were selected from the whole population according to 3 criteria: (1) evoked activity in the gamma frequency band (2) representation of candidates from all age groups and (3) the absence of strong artifacts affecting continuous time-frequency analysis. Analysis of evoked AERs showed the presence of negative and positive deflections associated with auditory stimulation (Fig. 3A) . The spatial distribution of AERs was nonuniform but rather concentrated in bilateral regions, on CP5 and CP6 electrodes (55 ± 21 μV and 62 ± 13 μV, respectively; Fig. 3B -E; n = 7; P < 0.05). Higher amplitude of the AERs was associated with a larger number of EEG channels recording significant AERs above the right hemisphere (n = 7; Fig. 3F ). The number of significant detections revealed side differences: on the left Figure 2 . Frequency power spectrum analysis of AERs in regards to the mean position of digitalized electrodes co-registered to the head scalp and brain of agematched subjects. Power increase is shown in each age group, for each electrode and in the 5 frequency bands (delta: 0.5-3.5 Hz, theta: 4-7.5 Hz, alpha: 8-13 Hz, beta:
13.5-31.5 Hz, gamma 1: 31.5-48 Hz). Colour circles show the electrodes with a significant increase of power ratio at P < 0.01. The main primary sulci are represented on each hemisphere: the posterior lateral fissure (blue), the central sulcus (red), the superior temporal sulcus (light pink), the inferior temporal sulcus (purple), the inferior frontal sulcus (fuchsia), the superior frontal sulcus (green), the pre-central sulcus (yellow), the post-central sulcus (heather purple), and the intraparietal sulcus (green).
temporal area significant AER was detected with 0.5 ± 0.2 probability, compared to 0.75 ± 0.25 on the right (n = 7; Fig. 3G ). For spatial and temporal characterization of AERs, frequency decomposition was performed (Fig. 4A, B) . However, because of low signal-to-noise ratio, AER characterization was mainly based on the peristimulus time histogram of the wavelet coefficients (Fig. 4B) . Despite a wide distribution of significant oscillatory responses in delta, alpha, beta and gamma frequency ranges (Fig. 4C) , the regions showing most oscillatory events were localized in the temporal lobe (Fig. 4C upper row) . This was confirmed by the number of significant oscillatory events across all EEG channels: largest numbers were recorded on electrodes above the temporal lobe (Fig. 4C lower row) . Analyzing spatial AERs distribution and significant wavelet coefficients of the models oscillations enabled picking the principal channels associated with the most powerful evoked cortical signals: Cp5, 6; T7, 8; C3, 4; FC5, 6. Further analysis of AERs' temporal profiles on these electrodes showed that oscillatory responses largely overlapped each other and occurred during the first part of long-lasting EEG deflection (Fig. 4D, E, Supplementary Fig. 3 ). 
(F-G) Estimation of the interhemispheric asymmetry of the AER (7 babies). (F) Spatial
positions of the probability for the channel to exhibit significant AER. (G) Total probability of detecting significant AER averaged over the principal channels (Cp5, T7, C3, FC5 for the left hemisphere and Cp6, T8, C4, FC6-for the right one). Note that AER was recorded more often in the right hemisphere than in the left one. 
Cortical Auditory-Evoked Potentials
Analysis was performed using 0.16 Hz high-pass filter and mean reference. Among the EEG recordings of the 30 infants, CAEPs evoked by click were identified in 24 (80%) subjects (Supplementay Table 1 ). They were 10/10 in Group 1, 5/8 in Group 2, and 9/12 in Group 3 (Supplementary Table 3 ). CAEPs were mostly found (1) when the number of stimuli exceeded 20 and (2) in QS rather than in AS (P = 0.072; Fisher's Exact Test) (Supplementary Table 1 ).
In Group 1: CAEPs occurred within 2000 ms after the stimulus and was composed of successive distinct negative slow waves (N1) identifiable on FC5-6, T7-8, and CP5-6 electrodes (Fig.5A ). CP5-6 negative peak was followed by a huge late positivity peaking at around 1500 ms and lasting around 1 second ( Fig. 5A, B; Supplementary Fig. 4Aa ). The latencies of the negative peaks increased from FC5-6 to T7-8 and CP5-6 positions from 332 ms (+89) to 551 ms (+121) and 744 ms (+102), respectively (P < 0.05) (see Supplementary Fig. 4Aa, Supplementary  Table 3 ). The amplitude of the CP5-6 peaks was higher than that of the FC5-6 peaks, 34 ± 16 μV and 20 ± 15 (P < 0.05), respectively (Fig. 5A, Supplementary Table 3 , Supplementary  Fig. 4Aa ). Concomitantly to the FC5-6 negative peak, a positive peak was identifiable on PO7-8, O1-2, and P9-10 electrodes ( Fig. 5A, B; Supplementary Fig. 4Aa ). The CP5-6 negative peak was also concomitant to a positive slow wave (P2) on the midline CZ, FCZ electrodes with similar latency (P > 0.05) (Fig. 5A, B ; Supplementary Fig. 4Aa ). The CAEP consisted therefore of at least 2 successive dipoles with a negative pole on FC5-6 and then on CP5-6, and a positive pole on the posterior and then the anterior midline electrodes (Fig. 5A,B ; Supplementry Table 3 , Supplementary Fig. 4Aa ).
In Group 3: the overall morphology of CAEP was similar to that of the younger Group 1 (Fig. 5C ). An additional midline negative peak was identifiable in 2 neonates at a mean latency of 170 ± 33 ms (see Supplementary Fig. 4Ba ). The latency of the P2 midline peak decreased between 30-33 and 37-38 PMW (P < 0.05), whereas the latencies of the T7-8, CP5-6, and FC5-6 peaks did not (Supplementary Table 3 ). These peak amplitudes remained unchanged between 30-33 and 36-38 PMW age.
We estimated the propagation speed of the negative slow wave (N1) around 13-14 cm/s from T7-8 to CP5-6 and around 11-12 cm/s from FC5-6 to T7-8 in group 1; and 10-12.5 cm/s and 16-17 cm/sin Group 3 respectively (Fig. 5D) .
In Group 2: only 4/8 infants had identifiable CAEP, and there was no difference with the 2 previous groups (Supplementary Table 1 ).
The comparison between these CAEP data obtained using 0.16 Hz high-pass filter and mean reference and those obtained using 1.59 Hz high-pass filter and P reference is provided in Supplementary Material 2, Supplementary Table 3, and Supplementary Fig. 4 .
Discussion
Previous studies with classical neonatal 9 electrodes setup showed that DBs can be evoked in a somatotopic manner in sensory cortices, depending on sensory modality (Milh et al. 2007; Chipaux et al. 2013) . Using higher resolution EEG recordings and satisfactory localisation of electrodes with regards to underlying brain structures, this study details the spatio-temporal characteristics of cortical AERs in preterm neonates between 30 and 38 PMW: (1) there was an increase in EEG power from delta to gamma frequency bands (gamma is detected here for the first time as a part of sensoryevoked response in preterm neonates), over the middle and posterior temporal regions and predominating on the right hemisphere and during QS; (2) the slow (delta) component is superimposed with the fast (alpha-gamma) oscillatory component, both sharing the typical characteristics of DBs; (3) the slow component, which negatively peaks around 550 and 750 ms over the middle and posterior temporal regions respectively, corresponds to the late part of the CAEP, a feature to be missed with classical CAEP processing, due to (1) common lack of temporal site and long latency recording, (2) trial averaging masking oscillatory component, and (3) distortion by high-pass filtering and mastoid reference. In addition, the delta to alpha frequency bands power of this late component decreases until full term suggesting its link with the prenatal development of auditory processing circuits.
Auditory-Evoked DBs Detection
Evoked DBs rate in temporal regions varied with both age and vigilance state. Most babies aged 30-33 PMW had auditoryevoked DBs in QS identifiable both by visual and frequency power analyses, this response decreasing near term. This is in accordance with previous studies in visual and auditoryevoked DBs showing their progressive disappearance after 36 WPM : Chipaux et al. 2013 . One limitation of the present study was the high variability of the number of stimuli among babies. Individual and environmental conditions being highly variable in this population lasting sleep was not easy to reach for some subjects. This limitation could specifically induce a bias in the inter-group analysis. We therefore analyzed a similar number of stimuli within the 3 age groups, selecting all those performed at the beginning of the recording, thus mostly in AS (since neonates fall asleep in AS). We found that AERs had a higher power increase in QS as previously reported, and our results suggest that at least 20 auditory stimulations are required to easily identify AERs (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b Chipaux et al. 2013) .
Regarding the number of required stimuli, our results are not surprising in line with classical principles of sensoryevoked responses analysis techniques, which require averaging repeated trials. In our study, spectral analysis of AERs provides a more objective tool than visual count of evoked temporal DBs; this kind of analysis, using grand-average, has been previously successfully performed in infants and adults, showing delta to gamma components and suggesting that cortical AER waves arise from the summation of spectral-temporal dynamics of EEG oscillations (Lippé et al. 2009; Ortiz-Mantilla et al. 2013; Musacchia et al. 2015) . Here, spectral analysis shows significant increase of power spectrum at temporal electrodes in at least 3 frequency bands in 80% of the youngest infants (<34 PMW), suggesting it is also useful to study cortical AERs in preterm neonates.
represent up-and downwardly directed deflections of EEG, called phases 1 and 2, respectively. E: The on-, offsets, and durations of the reconstructed oscillatory components of the AER in the frequency ranges of interest are shown (used electrodes are Cp5, 6; T7, 8; C3, 4; FC5, 6 , n = 7 immature human babies). Note that the reconstructed oscillations are located predominantly by the end of the first phase of evoked DB. Group statistic was done based on 7 recordings with series of AER: at 30 PMW (N = 92 and N = 58), at 32 PMW (N = 98), at 33 PMW (N = 73 and 68), at 36 PMW (N = 19), and at 37 PMW (N = 12).
Network Mechanisms of the Auditory-evoked DBs
The mechanisms involved in the generation of spontaneous and sensory-evoked DBs in preterm infants remain largely hypothetical so far. One hypothesis involves the transient circuits in the fetal cortex, notably the subplate that shows a developmental profile remarkably similar to the bell-shaped developmental profile of DBs whose occurrence increases from 28 PMW to 32-34 PMW and decreases afterwards so that DBs disappear near term (Kostović and Judas 2006, 2010; André et al. 2010; Kanold and Luhmann 2010; Hoerder-Suabedissen and Molnar 2015) . The "subplate stage" in humans covers the 15-35 PMW period, while the subplate expansion is partly due to the invasion by various in-growing fibers (thalamo-cortical afferents, basal forebrain cholinergic, callosal, and ipsilateral cortico-cortical afferents). The subplate zone represents therefore a dynamic "waiting compartment" playing a critical role in the establishment of intracortical and extra-cortical circuitries, and guiding the thalamic inputs to the topographically aligned On the left CAEP is represented on 31 EEG electrodes using 0.16 Hz high-pass filter and mean reference(upward deflection represents negative potential). On the right CAEP is represented on 3D EEG mapping (coherence software Mapping 3D adapted for present research), locked to the positions as defined by the time cursor (dashed lines): at the beginning of the negative wave (1), at the 3 successive negative peaks on FC5-6 (2), T7-8 (3), and CP5-6 (4), at the end of the negative peak on CP5-6 (5) and at the CP5-6 positive peak (6). Note, the positivity at the vertex(seen from up high) concomitant to the negative peaks. (B) Zoom on CAEP in 32 and 37 PMW neonates: On the left CAEP is represented on 13 electrodes of interest and on the middle, CAEP is represented on 2D mapping locked at the time as defined by the cursor (dashed lines): at 3 successive negative peaks on FC5-6 (1), T7-8 (2), and CP5-6 (3) electrodes and at the end of the negative peak on CP5-6 (4). Note, the positive peaks on the midline concomitant with the negative lateral peaks, and the dipole reversal moving caudo-rostrally. On the right: CAEP is represented on 3D mapping locked to the position as defined by the time cursor. (C) Example of CAEP in a 37 PMW neonate represented on 13 EEG electrodes and on 2D mapping as above. (D) Propagation speed of the evoked waves betweenT7-8 and CP5-6 and between FC5-6 and T7-8 electrodes.
cortical loci (Kostovic and Rakic 1990; Hoerder-Suabedissen and Molnar 2015) . This local network has been proposed to act as an amplifier of thalamic and neuromodulatory input coordinating activity and regulating ocular-dominance plasticity (Kanold and Shatz 2006; Luhmann et al. 2009 ) well as early rhythmic activity (Dupont et al. 2006; Tolner et al. 2012) . Consistent with this hypothesis, the ablation of the subplate severely impairs spindle-bursts in the somatosensory cortex of neonatal rodents (Tolner et al. 2012) . Electrophysiological recordings from individual cells in acute postmortem brain slices from human fetal cerebral cortex showed that human subplate neurons (SPn) are spontaneously active as early as 16-22 PMW: they display bursts of electrical activity consisting of sustained plateau depolarizations and bursts of action potential firing with the peak frequencies of 40-60 Hz comparable to those reported in early postnatal SPn in rodents Moore et al. 2009 Moore et al. , 2011 Moore et al. , 2014 . This pattern resembled the "trace discontinu" in EEG recordings from preterm infants, thus supporting the hypothesis that SPn-thalamo-cortical afferents networks might be involved in the generation of the DBs pattern (Moore et al. 2009 (Moore et al. , 2011 (Moore et al. , 2014 André et al. 2010 ). The 'subplate dissolution' stage occurs in humans at >35 PMW, when SPn decline in number and the volume of subplate decreases. This stage is concurrent with the secondary gyrification of the brain. In addition to the subplate, other transient circuits may be involved in the generation of transitory EEG patterns, such as the dense but transient innervation of infragranular somatostatin interneurons by thalamocortical afferents that appears to be essential for the development of feedforward inhibition in rodent's somatosensory cortex (Marques-Smith et al. 2016; Tuncdemir et al. 2016) . Also, the delayed maturation of inhibitory mechanisms due to delayed maturation of potassium chloride co-transporter 2 (KCC2) and elevated expression of potassium chloride co-transporter1 (NKCC1) in the immature cortical neurons has been shown to be correlated with the expression of DBs and SATs in the visual cortex (Dzhala et al. 2005; Vanhatalo et al. 2005) .
Studies in animal models have also provided some insights into DBs' underlying mechanisms. During postnatal days P0-12 in rodents, a developmental period corresponding to the second half of human gestation, cortical sensory (sensorimotor and visual) areas display discontinuous temporal organization and characteristic activity patterns, such as early gamma and SBs oscillations and SATs in the visual cortex, that share many common features with human preterm DBs (Clancy et al. 2001 (Clancy et al. , 2007 Khazipov and Luhmann 2006; Colonnese and Khazipov 2012; Khazipov et al. 2013; Workman et al. 2013; Luhmann et al. 2016 ; see also http://www.translatingtime.net/). Despite the lack of direct experimental demonstration, spontaneous cochlear bursts might also trigger SBs in the immature auditory cortex, and drive bursts of activity in subcortical auditory stations (Tritsch et al. 2007 (Tritsch et al. , 2010 Wang et al. 2015) . This raises the hypothesis that "spontaneous" DBs in human auditory cortex might be driven by spontaneous cochlear bursts. Nevertheless, human fetuses and preterm neonates strongly differ from neonatal rodents in the early responsiveness of the auditory system, present from the onset of thalamo-cortical development in humans, contrarily to rodents that are deaf until the second postnatal week (Chang and Merzenich 2003) . The reasons of this interspecies' difference are unknown: a delayed physical development of the auditory periphery might be involved, protecting from external stimuli that would otherwise interfere with cochlear bursts in driving the auditory system construction. By analogy to visual and somatosensory evoked potentials, the initial CAEP component is most likely generated by direct transmission of excitation through the auditory pathways. These initial CAEP responses have longer latencies in neonates than in adults, reflecting the low pathways myelination. The late component of CAEP, that is, the DB per se, likely involves thalamic bursts organized in fast oscillations (including gamma rhythmic activity) (Minlebaev et al. 2011; Yang et al. 2013) , as well as intracortical processing and cortico-thalamic feedback (generating larger scale patterning at alpha-beta frequencies) (Contreras et al. 1996a; Dupont et al. 2006; Minlebaev et al. 2007; Yang et al. 2013; Murata and Colonnese 2016) .
The present study is the first to detect gamma oscillations as a part of AER in human preterm neonates although they were previously reported during spontaneous activity in preterm infants, visual evoked responses in term neonates, and AERs in toddlers (Milh et al. 2007; Grieve et al. 2008; Isler et al. 2007; Musacchia et al. 2015) . Gamma oscillations are also observed in the adult brain during AERs (Galambos et al. 1981) . The EGOs that we report here display some particular features. First, they occur with a remarkable delay after the stimulus beginning nearly at the peak of delta wave whereas in neonatal rats, EGOs are primarily driven by rhythmic gamma excitation from the thalamus and occurs at the beginning of the SBs, (Minlebaev et al. 2011; An et al. 2012 An et al. , 2014 Khazipov et al. 2013; Yang et al. 2013 ). Second, their mechanisms are likely very different from adults. Indeed, adults gamma oscillations are generated by synchronous perisomatic inhibition mechanism (Buzsaki and Wang 2012) , whereas in neonatal rats, EGOs are primarily generated by the gamma rhythmic input from thalamus with a delayed recruitment of the perisomatic inhibition (Daw et al. 2007; Minlebaev et al. 2011; Yang et al. 2013) .
As shown in neonatal rodent visual and somatosensory cortices, the delta component of SBs results from temporal summation of the excitatory synaptic currents with a notable contribution of NMDA receptors. This component nests rapid oscillations and its magnitude correlates positively with neuronal depolarization, firing and the power of fast oscillations (Minlebaev et al. 2007; . Therefore, delta waves as a DB component are mechanistically different from adult delta waves, which are associated with a collective cessation of neuronal activity (up to down state transition) for a period of up to a few hundred milliseconds during slow wave sleep or quiet wakefulness (Contreras et al. 1996b; Sanchez-Vives and McCormick 2000) . Adult delta waves also curtail the early sensory-evoked responses, and are followed by the rebound up-states with fast oscillations during sleep or quiet wake states and under anesthesia, together forming characteristic K-complexes. Thus, the only similarity between the preterm DBs and adult delta waves consists of their electrographic appearance, while underlying mechanisms are cardinally different. This stresses the necessary caution in interpreting EEG grapho-elements in preterm neonates only on the basis of their electrographic appearance.
Auditory-Evoked DB is the Slow Temporal Component of CAEP Traveling Through Temporal Regions
The latency and morphology of CAEP peaks substantially changed when using high-pass filtering as low as possible and mean reference, compared to the classic filtering and mastoid reference (Supplementary Material 2 and Supplementary Fig. 3 ; Rotteveel et al., 1987a Rotteveel et al., , 1987b . We also identified a late, longlasting, and not previously reported positivity at 1500 ms on CP5-CP6 electrodes. Reanalyzing our data at 30-33 PMW with a set-up similar to normative studies of CAEP in premature infants of the same age range (1.59 Hz high-pass filter, P reference, see details in Supplementary Material 2) (Weitzman et al. 1967; Rotteveel et al. 1987a Rotteveel et al. , 1987b Wunderlich and ConeWesson 2006) , we found a FC5-6 negative peak at a latency similar to the previously reported "lateral negativity" (237 ± 21 ms) and 2 other negative T7-8 and CP5--6 waves at 254 ± 16 and 275 ± 38 ms, respectively. These late components had not been previously reported in normative studies due to lack of temporal site recordings. Modifying filtering and reference schemes are known to result in dramatic effects on ERP signals (Widmann et al. 2015) . Not surprisingly we did observe major differences in CAEP components between the classical setting and the present one: (1) peak amplitude was lower, and T7-8 and CP5-6 slow waves were either distorted or suppressed, (2) peak latency became shorter, (3) mastoid reference also induced changes in the global morphology of CAEP peaks, the negative peaks becoming diffuse likely due to an active potential on the mastoid. As a result, temporal DBs proved to correspond to the negative slow wave recorded at T7-8 and CP5-6 electrodes and thus to the late negative component of CAEPs.
Using MEG, the sources of the 250-ms CAEP response have been successfully localized in the auditory cortex in fetuses aged 29-36 PMW (Lengle et al. 2001 ) and in newborns (Huotilainen et al. 2003; Sambeth et al. 2009 ) suggesting that the auditory-evoked DBs do originate in the auditory cortices (at least the T7-8 slow wave that occurs at 254 ± 16 ms with the classical high-pass filtering). Noteworthy, a late and slow component with large negative amplitude (identified here as evoked DB) has also been observed as the main response in visual and somatosensory-evoked potentials before 35 PMW, progressively disappearing with age (Hrbek et al. 1973 ). Thus, this slow component might be a hallmark of immature evoked potentials, that is, of immature cortical sensory processing, whatever the sensory modality (Khazipov and Luhman 2006; Milh et al. 2007; Chipaux et al. 2013) .
The clicks used in the present study are broadband sounds exciting all parts of the basilar membrane, resulting in tonotopic activation from higher to lower frequencies (Robles and Ruggero 2001) . In adults, frequency gradients in auditory cortex progress along 2, roughly orthogonal axes: anterior-posterior parallel to supra-temporal gyrus and medial to lateral in supra-temporal plane along Heschl's gyrus (Leaver and Rauschecker 2016) . EEG mapping of the CAEP with our electrodes localisation disclosed at least 2 waves with the negative potential successively at FC5-6, T7-T8, and CP5-6, and with polarity reversal moving caudorostrally, thus possibly reflecting activation of tonotopic maps. Interestingly we found that the negative slow component of the AER, that is, the evoked DB, propagates from T7-8 to CP5-6 with an estimated speed of 10-14 cm/s, in line with the speed of previously reported travelling waves in human motor and sensory cortices as well as in rat auditory cortex (Reimer et al. 2011; Takahashi et al. 2011; Sato et al. 2012 ). In the auditory cortex of adult rats, responses evoked after a broad band click consist of waves travelling from the primary auditory anterior fields to higher-order fields, suggesting the integration of in-coming acoustic information over the whole auditory cortex in the form of a propagating wave (Reimer et al. 2011) .
However, our study has several limitations hampering accurate electric current dipole localization. Indeed, by contrast with MEG that provides accurate source reconstruction, EEG source localization is more challenging in premature infants. Realistic neonatal head models are still lacking due to uncertainty in head tissue conductivities and geometrical complexities including fontanels (Wolters et al. 2006; Odabaee et al. 2014; Azizollahi et al. 2016 ). We used "only" 32 electrodes placed according to the classical 10-10 international system, whatever age and head size. Recent studies have shown that neonatal/infant scalp EEG has a very high spatial content resulting from high skull conductivity and decay within few centimetres at the scalp (i.e.the 12-20 Hz band spatial regions change from their peak value to the noise floor in approximatively 40 mm) (Grieve et al. 2004; Odabaee et al. 2013 Odabaee et al. , 2014 . Determining the optimal number and spacing of EEG electrodes depends on the spatial variation of electrical potential (spatial Nyquist sampling rate). Our 32 electrodes caps enabled to reach a between-electrode distance of 20-25 mm in the youngest infants, which is considered acceptable with regard to the spatial frequency of DB delta-alpha band components (Odabaee et al. 2013) , but was probably insufficient to more accurately study the spatio-temporal dynamics of the gamma components of AERs. Moreover, we could not register the electrodes position on the infant's own MRI, as MRI examination could not be obtained in this study. While it was beyond the scope of this article to describe extensively electrode localizations as proposed in infants (Kabdebon et al. 2014) , our MRI template-based approach allowed us to highlight the negligible topographic variability across the 3 age groups of the electrodes showing AERs.
A Right Hemisphere Predominance of Auditory DBs Evoked by Click Stimuli
The rightward asymmetry we observed in the present study may be explained by 2 processes, maturation and specialization, that probably occur in parallel throughout human brain development. First, brain maturation is earlier in the right than in the left hemisphere: (1) during the third trimester of gestation, gyral complexity of the superior temporal sulcus develops earlier on the right side (Chi et al. 1977; Dubois et al. 2010 ); (2) cerebral blood flow at rest is higher in the right hemisphere from 1 to 3 years of age, before the asymmetry starts to shift to the left (Chiron et al. 1997; Lin et al. 2013 ); (3) EEG power spectrum below 13 Hz at rest is also higher in the right hemisphere between 35 and 45 weeks of gestation (Myers et al. 2012) ; (4) the right hemisphere shows higher genetic expression levels than the left during gestation (Sun and Walsh 2006) .
Besides, there is an early emerging hemispheric specialization for auditory processing. CAEP disclose functional asymmetry as early as 35 PMW, with higher activity on the right than on the left temporal electrodes for both tones detection and discrimination (Mento et al. 2010) . Interestingly, the corresponding evoked responses occur selectively between 350 and 650 ms after the stimulus, that is, within the time window we characterized as the "late negative response" (Mento et al. 2010) . On the other hand, the left temporal regions seem rather dedicated to process the specific properties of speech, as shown at birth using optical topography (Peña et al. 2003; Mahmoudzadeh et al. 2013 ) and at 3 months using functional MRI (Dehaene-Lambertz et al. 2006) . From the last trimester of gestation on, the sylvian fissure is larger on the left side, close to Broca's region and planum temporale, suggesting the early emergence of functional lateralization for language processing (Chi et al. 1977; Dehaene-Lambertz et al. 2006; Dubois et al. 2008a Dubois et al. , 2008b Dubois et al. , 2010 . While an early specialization of perisylvian regions exists for speech sounds, it might also be the case for nonlinguistic sounds like tones or clicks. In adults, there is strong evidence that spectral information mainly involves the right primary auditory field whereas temporal information is dominantly processed in the left field Zatorre et al. 2002; Woods et al. 2011; Cha et al. 2016 ).
Conclusion
In premature neonates, auditory-evoked "DBs" contain broad band responses ranging from delta to gamma frequencies that originate from the temporal cortex. Together with previous data from animals and humans, our results suggest that sensory-evoked DBs are part of sensory-evoked potentials and that early gamma activity contributes to the formation of sensory maps (Minlebaev et al. 2011; Yang et al.2013) . From this perspective we can hypothesize that over-stimulation with inappropriate stimuli, whatever the sensory modality, could have deleterious effects on sensory cortices maturation of prematurely born infants. Present findings also raise the question whether sensory-evoked DBs might be seen as a functional test for sensory cortices in premature infants. High resolution EEG studies with increased number of electrodes and source modelling are needed for further delineation of spatio-temporal dynamics of sensory-evoked DBs.
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